Parathyroid carcinoma is associated with mutations in the HRPT2/CDC73 gene and with decreased parafibromin and calcium-sensing receptor (CASR) expression, but in some cases establishing an unequivocal diagnosis remains a challenge. The aim of our study was to evaluate the prognostic value of CASR and parafibromin expression and of HRPT2/CDC73 mutations in patients with an established diagnosis of parathyroid carcinoma. Data on survival and disease-free survival were obtained from hospital records of 23 patients with an established diagnosis of parathyroid carcinoma in whom CASR and parafibromin expression and HRPT2/CDC73 mutation analyses were available from paraffin-embedded pathological specimens. KaplanMeier curves were used for survival analysis. Downregulation of CASR expression, global loss of parafibromin staining and a HRPT2/CDC73 mutation were, respectively, found in 7 (30%), 13 (59%) and 4 (17%) patients, and were associated with, respectively, 16-fold, 4-fold and 7-fold increased risk of developing local or distant metastasis. These findings suggest that although downregulation of CASR expression, global loss of parafibromin staining and mutations in the HRPT2/CDC73 gene are tools of proven value to assist in establishing a diagnosis of parathyroid carcinoma, their absence does not exclude it. Notwithstanding, we demonstrate a significant added value of these markers as strong determinants of increased malignant potential and thus as negative prognostic markers in this malignancy.
Parathyroid carcinoma is a rare disorder, accounting for 0.1-5.0% of all cases of primary hyperparathyroidism. [1] [2] [3] [4] [5] [6] The disease presents at a mean age of 50 years and, contrary to sporadic hyperparathyroidism, is equally likely to occur in men and women. 1, [3] [4] [5] 7 Clinical manifestations are those of severe primary hyperparathyroidism, often associated with renal and skeletal complications. 1, [3] [4] [5] 8 A neck mass is palpable in 30-76% of patients. 1, 5, 9, 10 The diagnosis of parathyroid carcinoma is suspected by intraoperative features of local invasion and confirmed by the World Health Organization (WHO) histopathological criteria for parathyroid carcinoma. These include vascular invasion, perineural space invasion, capsular penetration with growth into adjacent tissues and/or metastasis. 11 Despite the availability of these histopathological criteria, the diagnosis of parathyroid carcinoma remains a challenge in some cases, and markers such as mutations in the tumor-suppressor gene HRPT2/CDC73, [12] [13] [14] [15] and global loss of expression of its protein, parafibromin, 16, 17 are proven valuable tools frequently used to assist in establishing a diagnosis of this malignancy.
Mutations in the HRPT2/CDC73 gene, which encodes for the protein parafibromin, 18 are associated with the hyperparathyroidism-jaw tumor syndrome (HPT-JT; OMIM 607393). Patients with HPT-JT syndrome have a 15-24% chance of developing parathyroid carcinoma, and loss of heterozygosity of chromosome 1q, the location of the HRPT2/CDC73 gene, is reported to be found in 55% of parathyroid carcinomas. 1, 17, [19] [20] [21] The calcium-sensing receptor (CASR) regulates not only the synthesis and secretion of parathyroid hormone, but also the proliferation of the parathyroid glands. We have previously reported that 31% of parathyroid carcinomas had irregular or absent staining for CASR compared with only 1% of sporadic adenomas. 21 We have also demonstrated, using gene expression analysis, a significant downregulation of the CASR in patients with sporadic carcinoma or familial HPT-JT compared with patients with sporadic primary hyperparathyroidism, primary hyperparathyroidism due to MEN-1 or MEN-2 mutations or primary hyperparathyroidism due to lithium use. 22 Downregulation of CASR has been previously shown to be a negative prognostic factor in colon carcinoma, [23] [24] [25] but there are no available data on the prognostic value of downregulation of CASR in parathyroid carcinoma. There are also no available data on the prognostic value of loss of parafibromin staining in the presence of a HRPT2/CDC73 mutation.
The aim of our study was to evaluate the prognostic value of downregulation of CASR expression, loss of parafibromin staining and the presence of mutations in the HRPT2/CDC73 gene in patients with a WHO criteria-based diagnosis of parathyroid carcinoma.
Materials and methods

Study Population
We identified 29 patients who had initial surgery for parathyroid carcinoma in various hospitals in the Netherlands in the period 1985-2000. All resected tumors were screened for somatic and/or germline mutations in the HRPT2/CDC73 and the MEN-1 genes, and immunohistochemical staining for parafibromin and CASR was performed on all 29 pathological specimens in the Department of Pathology of the Leiden University Medical Center. 21 Four patients were lost to follow-up, one patient died (normocalcemic) of a myocardial infarction 4 months after initial parathyroidectomy and one patient did not meet the histopathological WHO criteria for parathyroid carcinoma and were excluded from the final analysis. A total of 23 patients were thus included in the study. The study was approved by the local ethics committee of the Leiden University Medical Center.
Methods
Clinical data were obtained from the hospital records of the 23 patients included in the study, with special emphasis on time to development of local recurrence and/or distant metastasis and when applicable time and cause of death. Data on initial clinical presentation were available in 16 of the 23 patients (70%) including physical examination of the neck in 14 of the 23 patients (61%). Serum biochemistry before initial surgery was available in 20 of the 23 patients (87%) and hypercalcemia was documented in all patients, although exact concentrations were not available in 3 patients. Operative and pathology data were available in all 23 patients.
End points of the study
The primary end point of the study was the development of local recurrence and/or distant metastasis. Recurrence was defined as recurrence of an increase in serum calcium and parathyroid hormone concentrations after a period of normalization of at least 6 months after initial surgery. Local recurrence was defined on the basis of a surgically removed lesion from a site adjacent to the primary tumor that was histologically confirmed to be parathyroid carcinoma. Distant metastasis was defined as radiologically and/or surgically and histologically proven distant metastasis diagnosed at least 6 months after successful excision of a primary tumor.
The secondary end point of the study was death related to parathyroid carcinoma, which was defined as death because of parathyroid hormonerelated uncontrollable hypercalcemia. Patients who died from other causes in the setting of normocalcemia were censored at the time of death.
Histopathological diagnosis of parathyroid carcinoma
The histopathological diagnosis of parathyroid carcinoma was established using the WHO criteria for this malignancy. These include vascular invasion, perineural space invasion, capsular penetration with growth into adjacent tissues and/or metastasis. 11 The presence of a trabecular pattern, fibrous bands and/or multiple mitoses were considered to be minor criteria. All pathological specimens were re-evaluated in our Department of Pathology using the WHO criteria and only those fulfilling these criteria were included in the analysis.
Pathological analysis
Pathological analysis of the primary tumor has been reported in detail in previous publications. 14, 21 In brief, formalin-fixed, paraffin-embedded (FFPE) specimens of the primary parathyroid carcinomas of all 23 patients were screened for HRPT2/CDC73 and MEN-1 gene mutations, 14 and all were immunohistochemically stained for parafibromin and CASR (Figures 1 and 2) . 17, 21 Downregulation of CASR expression was defined as irregular or absent staining pattern for CASR on the membrane of parathyroid tumor cells. Focal loss of parafibromin staining was previously defined as the absence of nuclear staining in variably sized regions. Global loss of parafibromin staining was defined as the absence of nuclear staining in all tumor tissue.
The three identified germline HRPT2/CDC73 mutations were positioned on exon 2 (c.176C4T, pSer59Phe, patient no. 1), exon 7 (c.687_688delAG, p.Arg229fsX, patient no. 23) and exon 7 (c.691_692insT, p.Trp231fsX35, patient no. 21), respectively.
14 The two identified somatic HRPT2/ CDC73 mutations were positioned on exon 1 (c128G4A, pTrp43fsX, patient no. 21) and exon 2 (c.165delC, pTyr55fsX, patient no. 6), respectively. 14 The three identified somatic MEN-1 mutations were positioned on exon 2 (c.168_171delCAAC, pAns57fsX61, patient no. 16), exon 3 (c.631G4T, pVall211Phe, patient no. 5) and exon 9 (c.1256delG, pGly419fsX26, patient no. 14), respectively.
14 The mutation specifics have been partly curated, that is, updated according to the latest published literature, in the Cosmic Database of the Sanger Institute (www.sanger.ac.uk/genetics/CGP/cosmic).
Statistical Analysis
Statistical analysis was performed using the SPSS 16 (SPSS, Chicago, IL, USA) software. Results are expressed as mean±s.d. unless otherwise stated. The w 2 test and Student's t-test were used for categorical variables and continuous variables. Disease-free survival (time to first local recurrence and/ or distant metastasis) and overall survival (time to death related to parathyroid carcinoma) was determined by the Kaplan-Meier method and P-values were calculated by the log-rank test. Cox regression analysis was used to determine hazard ratios (HRs).
Results
Demographic Data
A total of 12 women and 11 men, with a mean age of 51 ± 16 years at the time of diagnosis, were studied (Table 1) . At initial presentation, polyuria and polydipsia were present in 50%, tiredness in 31%, muscle or bone pain in 25%, constipation in 13% of patients and a neck swelling was palpable in 11 of 14 patients (79%). Mean serum calcium concentration was 3.28 ± 0.55 mmol/l (reference range 2.15-2.55 mmol/l), mean parathyroid hormone level was 75 ± 57 pmol/l (reference range 1.5-8 pmol/l), mean alkaline phosphatase concentration was 386±297 U/l (reference range 40-120 U/l) and creatinine clearance was o60 ml/min in 59% of patients.
Surgical Data
Of the 23 patients, 17 (74%) had bilateral neck exploration and the remainder unilateral neck exploration. Parathyroidectomy was combined with hemithyroidectomy in 12 patients (52%) because of thyroid invasion (n ¼ 11) or preoperatively identified thyroid pathology (n ¼ 1). Invasive growth of the tumor was observed intraoperatively in 14 of 21 patients (67%), including invasion of the thyroid (n ¼ 8), the recurrent laryngeal nerve (n ¼ 2), the esophagus (n ¼ 1), both the thyroid and esophagus (n ¼ 1) and unspecified tissue (n ¼ 2) (Table 1) .
Histopathological Data
On pathological evaluation, cystic features were observed in 6 of the 23 tumors (26%), and fibrotic bands were present in 19 of the 23 tumors (83%). There was no mitotic activity in 7 of the 23 tumors (30%), sporadic mitotic activity was observed in 10 (44%) and 41/10 high-power field (HPF; more than 1 mitotic figure per HPF) was observed in 6 patients (26%). Invasion of blood vessels was documented in 21 primary tumors (91%). Four patients had local lymph node metastases. 
Disease-Free Survival and Survival
Median duration of follow-up after initial parathyroidectomy was 10 years (range 1-20 years). Of the 23 patients, 7 (30%) developed local recurrence of the tumor after a median duration of 3 years (range 1-7 years) after initial parathyroidectomy. One or more distant metastasis developed in 11 patients (48%) after a median duration of 2 years (range 0.5-13 years): lung metastasis (n ¼ 10), lymph node metastasis (n ¼ 5), bone metastasis (n ¼ 2), liver metastasis (n ¼ 1) and brain metastasis (n ¼ 1). Disease-free survival was 96, 60 and 40%, respectively, at 1, 5 and 10 years after initial parathyroidectomy. Of the 23 patients, 13 (57%) had died at the time of the study. In 11 of these patients (85%), death was related to severe uncontrollable hypercalcemia. Death was unrelated to parathyroid carcinoma in the other two patients, who died respectively of septic shock and of a cerebrovascular accident, in the setting of normocalcemia. Overall survival rates were 91, 74 and 65%, respectively, at 1, 5 and 10 years after initial parathyroidectomy.
There was no significant difference in survival and disease-free survival between patients who had a hemithyroidectomy and those who did not (61 vs 58%, P ¼ 0.7 and 81 vs 67%, P ¼ 0.8, respectively).
Downregulation of CASR Expression
Of the 23 patients, 7 (30%) demonstrated downregulation of CASR expression in the resected primary tumor (Figure 3 ). Of these 7 patients, 5 also had somatic and/or germline HRPT2/CDC73 or MEN-1 mutations. Patients with downregulation of CASR expression demonstrated more global than focal parafibromin loss compared with patients with normal CASR expression (6/6 vs 7/16, P ¼ 0.02). At the time of initial surgery, positive lymph nodes were also more frequently found in patients with downregulation of CASR expression compared with patients with normal CASR expression (3/5 vs 1/16, Po0.01).
Of the 7 patients with downregulation of CASR expression, 6 developed local recurrence and/or distant metastasis compared with only 8 of the 16 patients with normal CASR expression (log-rank test, P ¼ 0.1). The time to development of a local recurrence and/or distant metastasis was significantly shorter in patients with downregulation of CASR expression compared with patients with normal CASR expression (1±1 years vs 9±5 years, Po0.01). In addition, 5 of the 7 patients with downregulation of CASR expression and 6 of 16 patients with normal CASR expression had parathyroid carcinoma-related death at a mean of 2±2 years and 10 ± 5 years, respectively, after initial surgery.
Both the 5-year disease-free survival and the 5-year overall survival were lower in patients with downregulation of CASR expression compared with patients with normal CASR expression (81 vs 0% and 94 vs 29%, respectively, Figure 3 ). Downregulation of CASR expression was associated with a 16-fold increased risk of developing a local or distant metastasis (HR 16; 95% CI 3-87; Po0.01) and a threefold increased risk of death (HR 2.9; 95% CI 0.8-9.7; P ¼ 0.09; Table 2 ).
Loss of Parafibromin
Parafibromin loss was determined in the resected primary tumor in all 23 patients. A total of 14 specimens showed global loss ( Figure 2 ) and 9 showed focal loss of parafibromin staining. Of 14 patients with global parafibromin loss, 11 developed a local recurrence and/or distant metastasis compared with 3 of 9 patients with focal parafibromin loss (log-rank test P ¼ 0.03). Also, 8 of 14 patients with global parafibromin loss and 3 of 9 patients with focal parafibromin loss had a parathyroid carcinoma-related death (log-rank test P ¼ 0.27). Both the 5-year disease-free survival (89 vs 41%) and the 5-year overall survival (100 vs 57%) were lower in patients with global parafibromin loss compared with patients with focal parafibromin (Figure 4 ). Global parafibromin loss was associated with a fourfold increased risk of developing local recurrence and/or distant metastasis (HR 4.3; 95% CI 1.2-15.9; P ¼ 0.03) and with a twofold increased risk of death (HR 2.0; 95% CI 0.5-7.8; P ¼ 0.3; Table 2 ).
HRPT2/CDC73 Mutation
Of the 23 patients with parathyroid carcinoma, 2 had a germline HRPT2/CDC73 mutation, one had a somatic HRPT2/CDC73 mutation and one patient had both a germline and a somatic HRPT2/CDC73 mutation ( Table 1 ). All four patients with the HRPT2/CDC73 mutation developed a local recurrence and/or distant metastases compared with only 10 of the 19 patients without this mutation (log-rank test: P ¼ 0.08). Time to development of a local recurrence and/or distant metastasis was shorter in patients with an HRPT2/CDC73 mutations compared with patients without this mutation (1 ± 1 year vs 8 ± 5 years, Po0.01). Two of the 4 patients with an HRPT2/CDC73 mutation and 9 of 19 patients without this mutation had a parathyroid carcinoma-related death. Both the 5-year disease-free survival (73 vs 0%) and the 5-year overall survival (79 vs 50%) were lower in patients with an HRPT2/CDC73 mutation compared with patients without this mutation ( Figure 5 ). HRPT2/CDC73 mutations were associated with a sevenfold increased risk of developing local recurrence and/or distant metastasis (HR 7.4; 95% CI 1.8-30.6; Po0.01; Table 2 ).
MEN-1 Mutation
Of the 23 patients with parathyroid carcinoma, 3 had a somatic MEN-1 mutation (Table 1) . Patient 16 had intraoperative findings of invasion of the thyroid gland and pathological features of vasoinvasion, but did not develop local or distant metastases during 9 years of follow-up. Patient 14 had a palpable neck swelling at presentation, intraoperative findings of invasion, pathological features of vasoinvasion and developed lymph node, lung and bone metastases 11 months after initial parathyroidectomy. There was no response to chemotherapy and the patient died of uncontrollable hypercalcemia soon after the diagnosis of metastases. Patient 5 also had a palpable swelling in the neck, intraoperative findings of invasion, pathological features of vasoinvasion, a positive lymph node and developed lung and brain metastases 18 months after initial parathyroidectomy. The patient died of uncontrollable hypercalcemia 24 months later. In these three patients with somatic MEN-1 mutations, the 5-year disease-free survival and the 5-year overall survival were lower compared with patients without this mutation (respectively, 64 vs 33% and 80 vs 33%). Somatic MEN-1 mutations were associated with a twofold increased risk of developing a local recurrence and/or distant metastasis (HR 1.7; 95% CI 0.4-7.8; P ¼ 0.5) and a threefold increased risk of death (HR 3.3; 95% CI 0.7-16.6; P ¼ 0.15; Table 2 ).
Combined Effect of Negative Prognostic Factors
Of 23 patients, 14 had one or more negative prognostic factors, but only 4 of the patients had a combination of an HRPT2/CDC73 mutation, global loss of parafibromin staining as well as downregulation of CASR expression. Both the 5-year disease-free survival and the 5-year overall survival were lower in patients with one or more negative prognostic factors compared with patients without one of these factors (89 vs 41% and 100 vs 57%, respectively, Figure 6 ). Patients with one or more negative prognostic factors had a fourfold increased risk of developing local recurrence and/or distant metastasis (HR 4.3; 95% CI 1.2-15.9; P ¼ 0.03; Table 2 ) and a twofold increased risk of death (HR 2.0; 95% CI 0.5-7.8; P ¼ 0.3).
Discussion
Data from our study in patients with a WHO-based diagnosis of parathyroid carcinoma suggest that downregulation of CASR expression, global loss of parafibromin staining and the presence of germline and/or somatic HRPT2/CDC73 mutations are strong negative determinants of prognosis in patients with this malignancy, with clear associations with decreased disease-free survival and overall survival.
Although downregulation of CASR expression was present in only 7 of 23 patients, this molecular alteration was associated with a 16-fold increased risk of developing local recurrence and/or distant metastasis. This suggests that this tumor marker represents a significant determinant of prognosis in parathyroid carcinoma. The CASR holds an important function in the control of calcium homeostasis by the parathyroid gland. Activation of the CASR by its binding with calcium ions leads to inhibition of parathyroid hormone secretion, parathyroid hormone gene expression and thus parathyroid hormone synthesis, and of parathyroid cell proliferation. 23 Mutations in the CASR gene that result in a loss of function of the CASR, such as seen in familial benign hypercalcemia, increase the calcium-dependent set point for inhibition of parathyroid hormone release from the parathyroid cell. 26 However, no mutations in the CASR gene have been so far identified in patients with parathyroid carcinomas. 27 It also remains unclear whether increased parathyroid cell proliferation leads to decreased CASR expression as observed in autonomous hyperparathyroidism in chronic renal failure, or whether decreased CASR expression leads to increased parathyroid cell proliferation and increased malignant potential in patients with parathyroid carcinoma. 21, 23 Notwithstanding, evaluating CASR expression may not only be used as a prognostic tool in the management of patients with parathyroid carcinoma, but may also serve the purpose of determining whether calcimimetics may have a role in the therapeutic management of these patients. In one patient in our series (patient no. 6) demonstrating loss of CASR expression in his primary tumor, the calcimimetic cinacalcet, prescribed at a maximum dose of 90 mg twice daily, was indeed unable to decrease parathyroid hormone or calcium levels to any extent (personal observation).
HRPT2/CDC73 mutations are known to be associated with the HPT-JT syndrome. These mutations have also been found in 67-100% of patients with parathyroid carcinoma selected on the basis of local recurrence or distant metastasis. 12, 13, 15 In contrast, in our study, in which patients were selected on the basis of the WHO histopathological criteria for parathyroid carcinoma, rather than on the basis of the presence of a local recurrence and/or of distant metastasis, we could only demonstrate a germline and/or somatic HRPT2/CDC73 mutation in 4 of the 23 patients (17%). These were 4 of 14 patients who developed a local recurrence and/or distant metastasis during follow-up (29%), suggesting that factors other than mutations in the HRPT2/CDC73 gene may also have a role in the tumorigenesis of parathyroid carcinoma. One of the limitations of our study is that we may not have identified all mutations in the HRPT2/CDC73 gene. The low mutation frequency in our population may thus be due to technical reasons, because of the nature of the paraffin-embedded tissue studied, leading to the inability to completely screen all DNA sequences of the HRPT2/CDC73 gene or screen the DNA for large somatic or germline genomic deletions.
14 However, exons 1, 2 and 7, which harbor up to 85% of all somatic HRPT2/CDC73 mutations, 12, 15, 18, 28, 29 were completely screened in all patients. Silencing of HRPT2/CDC73 because of promoter hypermethylation was also not studied, although this may not be relevant, as it was recently documented that hypermethylation does not have a role in loss of this gene. 30 Although the numbers are small, our data do suggest that the presence of mutations in the HRPT2/CDC73 gene are associated with a significant decrease in disease-free survival and also survival, although the latter not significantly. These data suggest that mutations in this gene determine the Figure 6 Significant decrease in 5-year disease-free survival in patients with one or more of the studied prognostic factors (germline and/or somatic HRPT2/CDC73 mutation, global loss of parafibromin staining or downregulation of CASR expression) compared with patients without one of these prognostic factors (89 vs 41%). malignant potential of a parathyroid carcinoma and may thus be used as a prognostic tool in this malignancy.
In patients with parathyroid carcinoma, most of the identified HRPT2/CDC73 mutations are predicted to prematurely truncate the parafibromin protein, 12, 13, 16, 28 which often lead to loss of parafibromin staining. Parafibromin is known to be involved in cell transcription, proliferation, differentiation and apoptosis, although the exact mechanism by which this protein increases the malignant potential of parathyroid carcinoma remains to be established. 28 In our population, all patients with germline and/or somatic HRPT2/CDC73 mutations had global loss of parafibromin staining. We also found global loss of parafibromin staining in 10 patients in whom no mutations were identified, possibly pointing at the difficulties in capturing all mutations in our study population. In keeping with previous studies, which showed that loss of parafibromin staining was more frequently observed in patients who developed a local recurrence and/or distant metastasis compared with patients who did not (62-96% vs 22-50%), 16, 17, 28 we indeed observed that patients with global loss of parafibromin staining had a short disease-free survival and survival. In contrast, focal loss of parafibromin staining did not appear to influence the clinical outcome. Moreover, in our experience, scoring of focal loss of parafibromin staining is difficult to use in daily practice, because of commonly encountered regional differences in immunohistochemical staining. In this case, it is the general staining pattern that is taken in consideration for decision making. Our data support the premise that focal loss of parafibromin staining might not be as useful as global loss of parafibromin staining as a diagnostic or prognostic tool in parathyroid carcinoma. Gill et al 31 indeed proposed a scoring system in which focal loss would be considered positive, and concluded that complete absence of nuclear staining for parafibromin is diagnostic of parathyroid carcinoma or HPT-JTrelated (benign) tumor.
MEN-1 mutations are frequently found in familial (95%) and also in sporadic adenomas (20-30%), but so far only 4 cases of somatic MEN-1 mutations and 3 clinically suspected germline MEN-1 mutations have been reported in patients with parathyroid carcinoma. 14, [32] [33] [34] In our population, three patients demonstrated a somatic MEN-1 mutation. In all three patients, a diagnosis of parathyroid carcinoma was established on the basis of intraoperative findings of invasive growth (100%), vasoinvasion (100%) and distant metastasis (67%). These findings suggest that patients with a somatic MEN-1 mutation are at risk of developing parathyroid carcinoma and that somatic MEN-1 mutations could have a role in parathyroid carcinogenesis.
Among many other markers, downregulation of CASR expression, global loss of parafibromin staining and mutation in the HRPT2/CDC73 gene are tools to assist in establishing a diagnosis of parathyroid carcinoma. Our data demonstrate a significant added value of these tumor markers as strong negative determinants of the malignant potential of parathyroid carcinomas. We therefore advocate the use of these prognostic tools in the management of patients with this malignancy. Findings from our study strengthen the link between molecular alterations and clinical course of patients with parathyroid carcinoma.
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